Abstract The effect of quaternary ammonium salts (tetraethyl ammonium bromide, tetrapropyl ammonium bromide, and tetrabutyl ammonium bromide) on the structural, morphological, and electrochemical characteristics of electrolytic manganese dioxide (EMD) obtained from acidic aqueous sulfate solution has been investigated. Physical characterization of the EMD was achieved by X-ray diffraction, scanning electron microscopy, thermogravimetric analysis, differential thermal analysis, and Fourier transform infrared spectroscopy. The charge-discharge profile of the materials was determined to evaluate their potential for alkaline battery applications. The presence of these quaternary ammonium salts as organic additives in the solution increased the current efficiency while decreasing energy consumption during electrochemical deposition of manganese dioxide (MnO 2 ). All the additives influenced the discharge characteristics of the EMD samples significantly, producing a cathode material with increased cumulative discharge capacity relative to EMD prepared in the absence of additives. This is attributed to the ability of the additives to affect the particle size and morphology, and therefore electrochemical activity, of electrodeposited materials; the effects in the case of the additives investigated in this work were positive, producing a material with potential application to battery technology.
Introduction
Natural manganese dioxide (NMD) is a well-researched material that has found wide application in batteries (primary, secondary, and lithium ion) and supercapacitors [1] [2] [3] [4] . The recent rapid growth in the type and availability of electronic devices has created demand for batteries with higher capacities. NMD has thus been replaced with synthetic electrolytic manganese dioxide (EMD) of g-MnO 2 form. The salient features of EMD are its low production cost, low environmental impact, high redox potential, high rate capability, better relative performance over a wide temperature range, and long storage life [5] [6] [7] [8] [9] [10] . Although gMnO 2 can be produced by a number of different routes, electrolytically produced g-MnO 2 is the most suitable for battery applications due to its low polarization [11] , and it has a niche in the market. EMD can be formed from the direct electrolysis of an aqueous bath of manganese sulfate and sulfuric acid.
The physicochemical and electrochemical properties of EMD are influenced by the composition of the H 2 SO 4 electrolyte in the bath. Addition of metal dopant ions to the bath in the electrolytic cell influences the discharge/-charge capacity retention of the EMD. Fletcher et al. [12] reported that nickel and titanium dopant ions are beneficial in terms of attaining excellent rechargeability. Alternatively, addition of organic surfactants to the electrolytic cell appears to be an attractive method as well to improve the electrochemical processes at the substrate/electrolytic solution interface. Surfactants play an important role in modifying the growth pattern (and hence structure) of the electrodeposits through adsorption on the electrode surface.
Adsorption of the surfactants not only affects the kinetics of the electron transfer through blocking of active sites but also affects the electrostatic interactions between electroactive species in the electrolytic bath. Consequently, addition of organic surfactants or dopant ions to the electrolytic bath affects the morphology, perhaps crystal structure and mechanical properties of electrochemically deposited material, leading to altered electrochemical behavior of materials.
Surfactants are commonly used in the preparation of various electrode materials by a number of different techniques, such as chemical co-precipitation [13, 14] , liquid coprecipitation [15] as well as electrochemical deposition methods [16, 17] , and their use has been widely reported in the literature. Ghaemi et al. [17] have reported that electrolytic MnO 2 prepared in the laboratory in the absence of surfactant does not have properties appropriate for battery applications. On the other hand, the electrochemical behavior of EMD prepared in the presence of surfactants-namely, t-octyl phenoxy polyethoxyethanol (Triton X-100), cetyltrimethylammonium bromide (CTAB), or sodium n-dodecylbenzenesulfonate (SDBS)-is suitable for battery applications [18] . Among the surfactants studied by Ghaemi et al. [17] , Triton X-100 is reported to most improve the charge/discharge cycle behavior of EMD, possibly due to strong adsorption of the surfactant resulting in an increase in charge acceptance capability and current efficiency (CE). The effect of the use of CTAB and SDBS on the performance of Zn-MnO 2 alkaline batteries has also been reported, and the results are equally good [18] .
Although dopant metal ions and their effect have been reported [12] , to the best of our knowledge no work has been reported on the tetra-alkyl ammonium ions. In this work, quaternary ammonium salts (QAS) as surfactants have been used in the preparation of battery materials. The current work examines the influence of tetraethyl ammonium bromide (TEAB), tetrapropyl ammonium bromide (TPAB), and tetrabutyl ammonium bromide (TBAB) as organic additives. The influence of ammonium salts as cationic surface-active agents on the structural, morphological, and electrochemical characteristics of the EMD produced from acidic aqueous sulfate solutions are investigated. A range of characterization techniques, such as X-ray diffraction, scanning electron microscopy, thermogravimetric and differential thermal analysis, and Fourier transform infrared spectroscopy, and the chargedischarge characteristics were used together to evaluate the possible use of the electrodeposited MnO 2 for alkaline battery applications. This work investigates the suitability of quaternary ammonium salts as organic additives to improve the electrochemical activity of MnO 2 electrode. Fig. 1 . Ammonium salts were added at different concentrations into the electrolytic bath during electrolysis. The anodic oxidation of Mn 2+ to MnO 2 was carried out on a lead (Pb) anode placed in parallel to a stainless steel (SS) cathode. All experiments were carried out at 95°C for 6 h. The electrodeposited MnO 2 was removed from the anode after the deposition period and washed thoroughly with deionized water before drying in an oven. The dried mass was ground and sieved through a 100-μm mesh to obtain EMD powder. Subsequently, the resultant product in powder form was washed repeatedly with deionized water until the sample was sulfate free. The EMD powder was finally dried and cooled in a desiccator and subjected to physical and electrochemical characterization.
Experimental
Structural characterization X-ray diffractograms were recorded for the EMD powders using PANalytical diffractometer (PW 1830; Philips, Japan) with Mo Kα radiation, l= 0.71073 Å. The scans were recorded in 2θ range 5-45°. Fourier transform infrared (FT-IR) spectrographs were recorded on a Nicolet 6070 spectrophotometer in the frequency range 400-4,500 cm −1 .
A scanning electron microscope (SEM) (JEOL JSM 6510, Japan) was used to examine the surface morphology of the EMD samples. Thermal analysis Differential thermal analysis (DTA) and thermogravimetry (TG) (Perkin Elmer Diamond) was carried out under inert atmosphere over a temperature range between 30 and 1,000°C with a heating rate of 5°C min −1 .
Electrochemical characterization
A suspended cell arrangement was employed for evaluating the electrochemical behavior of the prepared EMD samples. The discharge profile was recorded at room temperature (27± 2°C) while imposing constant discharge and charge currents in 9 M KOH electrolyte solution. A schematic diagram of the electrolytic cell arrangement for charge-discharge study is given in Fig. 2 . The experimental cell consisted of a zinc strip (100 × 10 mm) as anode and EMD cathode. The cathode was prepared from a uniform mixture of EMD and graphite powder with polyvinyl alcohol (PVA) as binder. The mixture was placed in a stainless steel mesh to facilitate electrical contact, placed in a die, and then subjected to a pressure of 9,800 kPa by means of a pressure die machine. The resulting EMD was positioned in the cell assembly and allowed to equilibrate for 1 h at its open circuit potential before commencing the electrochemical processes. The applied discharge current was 1 mA with a cut-off voltage (COV) of 0.9 V. The applied charge current was 2 mA with a cut-off voltage of 1.8 V. The discharge capacities were recorded for up to 14 cycles. The galvanostatic measurements were carried out using a BITRODE deep cycle battery tester (LCN1-25-24, USA).
Results and discussion

Electrolysis
The electrochemical parameters (current efficiency, CE, and energy consumption, EC) of electrodeposited EMD prepared in the presence of QAS additives tetraethyl ammonium bromide (TEAB), tetrapropyl ammonium bromide (TPAB), and tetrabutyl ammonium bromide (TBAB) are given in Table 1 .
In the absence of additive in the bath, CE of 91.4 % was observed and with the introduction of a small amount of additive (TEAB) the CE increased to 99.1 %, while the EC decreased from 1.68 to 1.56 kWh kg −1 during electrolysis.
This suggests strong adsorption of the additives on the electrode surface as reported by Ghaemi et al. [17] . In general, the electrodeposition of manganese dioxide from an acidic sulfate solution proceeds through the following reactions:
At Cathode :
At the anode, the formation of MnO 2 does not take place in a single step; rather, Mn 3+ as an intermediate species is first formed [19, 20] 
The Mn 4+ is converted to solid MnO 2 through a hydrolysis reaction with fast kinetics [21, 22] , while Mn 2+ ions remain in solution. During the electrodeposition process Mn 3+ ions may be trapped in the MnO 2 lattice, possibly resulting in defects in the crystal structure.
Adsorption of surfactants at the substrate/electrolytic solution interface may inhibit the rate of Eq. (3) due to the blocking of the active growth sites, thereby allowing electrodeposition preferentially on the crevices [23] . The electron/ion transfer kinetics mostly depend on the degree of coverage of the electrode due to either mechanical blocking or through electrostatic interactions [24, 25] . This could change the electrical double layer characteristics and thus affect the interfacial energy, dielectric constant, potential, and current distribution at the electrodes resulting in modified crystal growth. Hence, the organic surfactants play a vital role in facilitating the formation of compact deposits with greater surface area. However, careful monitoring of appropriate surfactant concentration during electrolysis is required to achieve reproducibility. Higher concentrations may lead to irregular morphology owing to higher ohmic potential drop and electrode overvoltage [26] [27] [28] .
X-ray diffraction analysis
The most common forms of MnO 2 (g-, ε-, and β-MnO 2 ) are related to the mineral structures ramsdellite, akhtenskite, and pyrolusite with orthorhombic, hexagonal, and tetragonal modifications of MnO 2 , respectively. The g-and ε-forms are electrochemically active [29] .
In the present study, all the electrodeposited MnO 2 samples were subjected to X-ray diffraction (XRD) analyses. XRD profiles of EMD samples produced in this work (Fig. 3) were consistent with hexagonal g-MnO 2 having lattice parameters a=6.36 Å, b=10.15 Å, and c=4.09 Å (ICDD-JCPDS No. 14-0644) [30, 31] . The XRD pattern for the sample prepared in the absence of additive yielded diffractive peaks assigned to the (120), (131), (300), (160), and (421) planes. Addition of as much as 50 ppm organic additive (TEAB, TPAB, and TBAB) did not affect the crystal structure and pattern (Fig. 3b-d ) of the produced EMD materials. Similarly, lower quantities of additives (∼10 ppm) did not produce changes in crystal structure or reflections (Fig. 3b-d, shown for comparison) , suggesting that the quantity of additives does not modify the structure. Note that the broad diffraction peaks in the patterns indicate that crystallite size within the EMD samples is within a range suitable for exploitation of the material for high power applications [31] . A very narrow diffraction peak indicates larger particle sizes, which may not be suitable for rechargeable battery applications due to lower surface area.
FTIR analysis
FT-IR spectroscopy, being an important tool for detecting the presence of hydroxyl ions and water molecules in the specimen, was employed for analysis of the EMD material (Fig. 4) . The presence of OH -groups and water molecules associated as bound water within the crystal structure can influence the electrochemical activity of the EMD [32] [33] [34] .
For the sake of simplicity, the EMD sample prepared in the presence of 50 ppm organic additive was selected for all physical characterization (other than XRD, by which all samples were analyzed). The broad absorption band detected in the region 400-600 cm −1 confirms the formation of g-MnO 2 [35] . The absorption band at 1,100 cm −1 can be attributed to the MnO 2 stretching mode and/or O-H bending vibrations [35] associated with hydrogen bonding, indicating the presence of bound water molecules [32, 33] . The strong absorption band at ∼1,630 cm −1 can be attributed to O-H bending vibrations associated with the water of crystallization [32] and a broad absorption band at ∼3,400 cm −1 is due to O-H stretching vibrations [32] [33] [34] . A weak absorption band is observed at ∼1,400 cm −1 indicating O-H stretching vibrations [36] .
Surface morphology
Changes in deposit morphology may influence the current efficiency, stability, and rechargeability of EMD [17] . Surfactants have a significant effect on the deposit pattern due to their control on nucleation and growth mechanisms during electrodeposition [37] , as well as various interactions with the species present in the electrolytic solutions [38] . The presence of the QAS additives in the electrolysis bath influenced the EMD particle size (Fig. 5 ). Discrete particles with no agglomeration and small grain size are observed in the case of 50 ppm TEAB and TPAB added (Fig. 5b-c) , while a larger grain size is observed for EMD deposited in the absence of additives (Fig. 5a ). This suggests that the organic additives have promoted nucleation and current distribution during electrodeposition, resulting in the observed increase in current efficiencies (CE) of the EMD samples (Table 1 ) and the associated decrease in power consumption during electrodeposition in all cases. However, for EMD electrodeposited in the presence of TBAB, a larger particle size distribution was observed (Fig. 5d) . This is also reflected in the measured BET surface area of the samples. The EMD samples with TEAB and TPAB at 50 mgdm −3 showed the highest BET surface areas of ∼87.2 and 79.6 m 2 g −1
, respectively, whereas TBAB at the same concentration showed a measured surface area of 63 m 2 g −1 . Well-dispersed EMD particles with rough surfaces and pores (i.e., high surface area) have superior contact with the graphite (in electrode construction) and electrolyte, facilitating better cyclic reversibility of the synthesized product.
Thermal analysis
Thermogravimetric analysis of the EMD samples in the absence and presence of the organic additives was performed (Fig. 6) . The mass loss up to 110°C is likely due to the removal of physically adsorbed water molecules, while that in the range 110 to 300°C may be attributed to the removal of chemically bound water present in the EMD samples (Fig. 6) . It is clearly evident that there have been weight losses in the temperature regions 400-600 and 600-900°C, which may be attributed to the formation of lower valence oxides of manganese, Mn 2 O 3 and Mn 3 O 4 , during thermal decomposition of EMD samples [32, 39, 40] . In any case, the organic additives TEAB, TPAB, and TBAB have virtually no effect on the thermogravimetric behavior of the synthesized EMD.
The responses of the EMD samples to differential thermal analysis (DTA) can be seen in Fig. 7 . Sharp endo peaks at ∼100°C and broad endo peaks at ∼300°C can be seen, indicating the removal of adsorbed and chemically bound crystalline water, respectively. The two endo peaks at ∼500°C and ∼900°C again may correspond to the formation of lower valence oxides of manganese, Mn 2 O 3 and Mn 3 O 4 , during thermal decomposition of the EMD samples. The nature of the thermograms was not affected by the presence of the organic additives.
Electrochemical activity
The electrochemical behavior of the EMD samples was characterized by galvanostatic experiments. The charge and discharge characteristics enable evaluation of the suitability of the prepared EMD as a battery material. The EMD samples prepared in the absence and presence of organic additives were subject to charge-discharge reactions in 9 M potassium hydroxide aqueous solutions. The reactions at cathode and anode are as follows:
The electron discharge from manganese dioxide is thought to proceed via a homogeneous reversible reaction by the movement of protons and electrons into the lattice, resulting in a gradually decreasing value of x in MnO x , from x=2.0 to 1.5 [41] [42] [43] . This mechanism is attributed to the reversible conversion of MnO 2 into MnOOH in the solid phase. The second electron discharge of MnO 2 , which proceeds either in solid or in solution phase, leads to the formation of Mn(OH) 2 , a product formed during recharging of g-MnO 2 [34] . The typical discharge characteristics of the pellets made from EMD powders prepared from aqueous sulfate solutions in the absence and presence of organic additives TEAB, TPAB, and TBAB are shown in a b c d reported values for EMD in the absence of additives [30] . It is very interesting to note that the addition of organic additives to the electrolytic cell during electrodeposition of MnO 2 produced a significant effect on the discharge performance of the EMD. Addition of TEAB increased the discharge capacity to 298 mAh g −1 (closer to the theoretical value of 308 mAh g −1 for the 1e -process [42, 44] ). The EMD prepared in the presence of the other additives (TPAB and TBAB), in the electrolytic solutions at concentrations of 50 ppm, showed discharge capacities of 278 and 275 mAh g −1 , respectively. It is also interesting to note that the discharge capacity of the EMD prepared in the absence of additive fades rapidly (Fig. 8a) . However, EMD prepared in the presence of organic additives was able to maintain discharge capacity over a greater number of cycles ( Fig. 8b-d) .
Addition of 5 ppm and 10 ppm TEAB (Fig. 9b-c [42, 44] ). However, further increasing the concentration of TEAB to 100 ppm (Fig. 9d ) caused a lowering of the discharge capacity to 234 mAh g −1 . A similar behavior was observed for both 10 ppm of TPAB (Fig. 10b) and TBAB (Fig. 11b) , where initial discharge capacities of 259 and 251 mAh g −1 were obtained. The EMD prepared in the presence of these additives in the electrolytic solution at concentrations of 50 ppm (TPAB and TBAB) showed initial discharge capacities of 278 and 275 mAh g −1 , respectively, while again a concentration of 100 ppm for these additives decreased the discharge capacities, in these cases to 252 and 233 mAh g −1 for TPAB and TBAB, respectively. A similar trend was reported by Ghaemi et al. [17] , although the discharge capacities were approximately half those observed in this study. The lower discharge capacity obtained for EMD electrodeposited in the presence of TBAB may be due to the sterically bulky butyl groups of the TBAB, which may block the active sites of the anode, therefore producing larger crystallites.
The data obtained in this study suggest that the use of TEAB and TPAB during the electrodeposition of manganese dioxide is beneficial in terms of cycle stability and discharge capacity.
Conclusions
The presence of quaternary ammonium salts (TEAB, TPAB, and TBAB) as organic additives during the electrodeposition of MnO 2 (to produce EMD) has not affected the crystal pattern of the synthesized EMD samples; all the samples show the characteristics of g-MnO 2 form. This is confirmed by the presence of a broad absorption band in the infrared region 400-600 cm properties of EMD were enhanced by the presence of QAS during electrodeposition, and the material produced by these methods has potential for battery applications.
